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p4o-eG HIJBKBL MNO KM PC= faQG HIJBKBL MNO KM PR 
e<SailG 8asileTUa#Ua8a-iVepflT34 
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W set of  NI B dis3rete SeasureSe-t data ,- a-d !- or @-<
Y- of a t4ree<p4ase tra-sforSer H-ZC=B=K=O=[NL is gi\e-T  
TM  "+.%&)75."&+ 
2raditio-all6 i- Sost of po#er s6steS studies= t4e 
Sodeli-g of a t4ree<p4ase tra-sforSer is redu3ed to its 
s4ort<3ir3uit iSpeda-3eT 2ra-sforSers used i- Soder- 
po#er s6steSs su34 as \aria8le speed ele3tri3al dri\es or 
ele3tri3al -et#orUs #it4 -e# de\i3es H&W?2"L re]uire 
iSpro\ed a-d Sore pre3ise SodelsT 24e Y<@ 3ur\e 
i-trodu3ed i- soSe iSpro\ed Sodels a-d 8ased o- a set of 
SeasureSe-t data= is approQiSated ge-erall6 86 se\eral 
straig4t<li-e segSe-ts 3o--e3ti-g t4e poi-ts of 
SeasureSe-tsT Yut appare-tl6= su34 Y<@ 3ur\e o8tai-ed is 
-ot sSoot4 at t4e ^oi-ts of t4e segSe-ts= a-d t4e slopes of 
t4e straig4t li-es= represe-ti-g t4e perSea8ilit6= are 
dis3o-ti-uous at t4ese ^oi-tsT :oreo\er= i- t4e set of 
differe-tial e]uatio-s 3o-sideri-g t4e 3urre-ts as state 
\aria8les= o-e -eeds t4e eQpressio-s of t4e deri\ati\es of 
t4e i-du3ta-3es \ersus t4e 3urre-ts= #4i34 is iSpossi8le 86 
usi-g t4e a8o\e Se-tio-ed pro3edureT  
 
 
&igT BG "et of Seasured data !"I   
&or t4at reaso- i- t4e prese-t stud6= t4e -o-li-ear Y<@ 
3ur\e Hor _<, 3ur\eL is represe-ted 86 a pol6-oSial 
represe-tatio-= 8ased o- t4e set of SeasureSe-t dataT W- 
a-al6ti3al eQpressio- of a sSoot4 Y<@ 3ur\e 3a- 8e 
defi-edT Y6 usi-g a Sag-eti3 e]ui\ale-t 3ir3uit<diagraS 
represe-ti-g t4e t4ree<p4ase tra-sforSer= all t4e self a-d 
Sutual i-du3ta-3es 3a- 8e eQpressed a-al6ti3all6 i- 
fu-3tio- of t4e Sag-eti3 relu3ta-3es of t4e 3oresT 24ese 
i-du3ta-3es Ha-d t4eir deri\ati\esL 3a- 8e deterSi-ed 
pre3isel6 usi-g t4e predeterSi-ed pol6-oSial 
represe-tatio-= a-d adapted at ea34 i-tegratio- step i- t4e 
-uSeri3al siSulatio-sT 24e iSpro\ed Sodel o8tai-ed for 
t4e t4ree<p4ase tra-sforSer= if iSpleSe-ted i- a -uSeri3al 
soft#are pa3Uage= perSits t4e a-al6sis of saturatio- effe3ts 
i- po#er s6steSs= #it4out usi-g s6steSati3all6 &9: 
3al3ulatio-sT 
 
24ree parts are 3o-sidered for t4is pol6-oSial 
represe-tatio-G 
# W straig4t<li-e 3orrespo-di-g to t4e li-ear part of 
t4is 34ara3teristi3` 
# W pol6-oSial deterSi-ed 86 a prograS of 
i-terpolatio- 8ased o- t4e Set4od of least s]uares 
a-d fitti-g t4e Seasured 3ur\e` 
# W straig4t<li-e 3orrespo-di-g to t4e saturated part 
of t4is 3ur\eT 
24e ad\a-tage of t4is pol6-oSial represe-tatio- 
3oSpari-g to &ourier series represe-tatio- [B=K] is a \er6 
iSporta-t gai- Ha fa3tor c D L  i- 3al3ulatio- tiSeT 
UM +7#(%"51* 1$$%&15/ 
"oSe -uSeri3al soft#are pa3Uage liUe ",:"9N [O] use 
esse-tiall6 t4e 3urre-ts as state \aria8lesT &or t4is purpose= 
t4e prese-t Set4od 4as 8ee- de\elopedT 24is o-e 3o-siders 
t4e follo#i-g set of N differe-tial e]uatio-s for t4e \e3tor 
group d6C= for eQaSpleG 
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B    HKL 
eWY?G resista-3es of t4e priSar6 #i-di-gs 
ea83G resista-3es of t4e se3o-dar6 #i-di-gs 
 
,- t4is 3ase i- order to taUe i-to a33ou-t saturatio- effe3ts= 
o-e -eeds O suppleSe-tar6 state \aria8les hChBhA ((( ==  
a-d for t4e SatriQ [W] t4e eQpressio-s of all t4e 
i-du3ta-3es a-d espe3iall6 all t4eir deri\ati\es \ersus t4e 
3urre-ts Hd7fdiLT 24ese eQpressio-s Sa6 8e deterSi-ed 
a-al6ti3all6 86 usi-g t4e pol6-oSial represe-tatio- 
Se-tio-ed 8efore a-d adapted at ea34 i-tegratio- stepT 24e 
leaUage i-du3ta-3es of t4e priSar6 a-d se3o-dar6 
#i-di-gs as #ell as t4e Eero<se]ue-3e i-du3ta-3es are 
3o-sidered as 3o-sta-tsT 
 
24e self a-d Sutual i-du3ta-3es are eQpressed i- fu-3tio- 
of t4e Sag-eti3 relu3ta-3es eB2= eK2= eO2 of t4e e]ui\ale-t 
Sag-eti3 3ir3uit<diagraSs= #it4 NB= NK t4e tur-s of t4e 
priSar6 respe3ti\el6 se3o-dar6 #i-di-gsT &or eQaSple= t4e 
Sag-etiEi-g i-du3ta-3e of t4e priSar6 #i-di-g W 
respe3ti\el6 t4e Sutual i-du3ta-3es 7WY= 7W8= 783 8et#ee- 
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"iSilar eQpressio-s HKB i- t4is 3aseL are deterSi-ed for all 
t4e i-du3ta-3es [J]T 24e deterSi-atio- of t4e Sag-eti3 fluQ 
at ea34 i-tegratio- step perSits to e\aluate a-d adapt= 86 
t4e Y<@ 3ur\e= t4e differe-t Sag-eti3 relu3ta-3es as #ell 
as differe-t i-du3ta-3esT W- eQaSple of t4e deterSi-atio- 
of e]uatio-s B a-d R is gi\e- i- Wppe-diQT gepe-di-g o- 
t4e \e3tor group studied= t4e -uS8er of differe-tial 
e]uatio-s Sa6 \ar6= a-d is e]ual to BB for t4e \e3tor 
groups gdC or gdM [J]T 
 
WM -(# 51*57*1."&+2 
Yased o- t4e detailed U-o#ledge of t4e geoSetr6 a-d t4e 
p46si3al properties of differe-t Saterials= Kg &9: field 
3al3ulatio-s are perforSed for s6SSetri3al a-d 
u-s6SSetri3al loads i- Sag-etod6-aSi3s a-d tra-sie-t 
8e4a\iourT 
XM #(127%(#(+.2 0 5&#$1%"2&+ &- %(27*.2 
2ests 4a\e 8ee- perforSed o- t#o tra-sforSersG 
# W sSall tra-sforSer of O UVW= OPCVfKOKV= DC 
@E= u33ZOTKMi 
# W large tra-sforSer of distri8utio- of B :VW= 
g6-BB= BPOCC VfJKC V= DC @E= u33 Z JTNJ i 
 
A. Case of no-load for a transformer Yy0 of 3 kVA, 380 
V/232V, 50Hz, ucc=3.26%. 
 
&igT K s4o#s t4e 3oSputed priSar6 3urre-ts gi\e- 86 t4e 
-uSeri3al Set4od a-d relati\e to a sSall tra-sforSer of O 
UVW i- t4e 3ase of -o<load at rated \oltage OPC VT 
 
&igT O to D s4o# respe3ti\el6 t4e Seasured respe3ti\el6 





&igT KT ?oSputed priSar6 3urre-ts gi\e- 86 t4e -uSeri3al 




&igT OT  ?oSputed a-d Seasured priSar6 3urre-ts iW i- t4e 





&igT RT ?oSputed a-d Seasured priSar6 3urre-ts  ilY i- t4e 3ase 
of -o<loadT 
&igT JT ?oSputed a-d Seasured priSar6 3urre-ts  iY i- t4e 




&igT  PT ?oSputed a-d Seasured priSar6 3urre-ts  il? i- t4e 3ase 
of -o<loadT 
&igT DT ?oSputed a-d Seasured priSar6 3urre-ts  i? i- t4e 
3ase of -o<loadT 
  
C Case of an unsymmetrical load in the secondary of a 
transformer Yy0 of 3 kVA, U=UN=380 V  
2a8le B s4o#s results 3oSi-g froS differe-t approa34es i- 
t4e 3ase of -o<load for a tra-sforSer d6C= #it4out 
3o--e3ti-g t4e -eutrals i- t4e priSar6 a-d se3o-dar6 sidesT  
2a8le K s4o#s results 3oSi-g froS differe-t 
approa34es i- t4e 3ase of a- u-s6SSetri3al load 3o--e3ted 
to t4e se3o-dar6 of t4e tra-sforSer Hea Z JCTD 0 ` e8 Z 
BJTM 0 ` e3 Z ONTBD 0 ` MOTND i of u-s6SSetr6L u-der 
rated \oltage _NZ OPC V= #it4 t4e -eutral 3o--e3ted o-l6 
i- t4e se3o-dar6 sideT W Seasured Eero<se]ue-3e rea3ta-3e 
is taUe- i-to a33ou-t i- t4e se3o-dar6 side 7osZBTN S@T W 
\er6 good agreeSe-t 8et#ee- results 3oSi-g froS 
differe-t approa34es 3a- 8e -oti3ed Hrelati\e error less t4a-  
P i 8et#ee- differe-t approa34esLT  
 
2WY79  ,   
?j:;We,"jN j& e9"_72" 
?W"9 j& Nj<7jWg &je W 2eWN"&je:9e ddCT 
 




 [W] [W] [W] 
,W CTPCO CTRJD CTRD 
,Y CTDK CTDBD CTDOB 
,? CTRM CTRJJ CTRJN 
  
B. Case of no-load for a transformer Dy5 of 3 kVA, U= 230V. 2WY79 ,, 
?j:;We,"jN j& e9"_72"  
 &igT M to P s4o# t4e Seasured respe3ti\el6 3oSputed li-e 
priSar6 3urre-ts relati\e to a 3oupli-g g6D i- t4e 3ase of 
-o<load= u-der a \oltage of  BTCJD pTuT 




 [W] [W] [W] 
,W KTMK KTDC KTDD 
,Y JTJM JTOO JTOC 
,? OTJB OTK OTBD 
,a OTK OTK OTKK 
,8 NTBR PTPN PTPK 




D. Case of a no-load switching of a transformer Dd0 of 3 
kVA, U= 221.4V.  
 
24e studied tra-sforSer 2B is supplied 86 a sour3e \oltage 
V" a-d a- autotra-sforSer 2K H&igT NLT &igT BC to BK s4o# 
t4e Seasured respe3ti\el6 3oSputed li-e priSar6 3urre-ts 
 




relati\e to a 3oupli-g gdC i- t4e 3ase of a -o<load 
s#it34i-g= u-der a \oltage of  BTCCM  pTuT &igT BO s4o#s t4e 
Seasured respe3ti\el6 3oSputed li-e priSar6 \oltages 
_a8B i- t4is 3aseT 
 
 
&igT NT "tudied s6steS 
  
&igT BOT ?oSputed a-d Seasured li-e priSar6 \oltages _a8B 
 
i- t4e 3ase of a -o<load s#it34i-gT 
 
 
E. Case of a no-load switching of a large transformer of 
distribution Dyn11 of  1 MVA, 18300/420 V.  
 
&igT BJ to BM s4o# t4e Seasured respe3ti\el6 3oSputed 
li-e priSar6 3urre-ts i- t4e 3ase of a -o<load s#it34i-g= 
u-der rated \oltage of B pTuT &igT BR to BN s4o# t4e 
Seasured respe3ti\el6 3oSputed li-e se3o-dar6 \oltages 
_a8K= _83K= _3aK i- t4is 3aseT 
  
j-e 3a- -oti3e \er6 good agreeSe-t 8et#ee- results 
3oSi-g froS -uSeri3al a-d test resultsT  
&igT BCT ?oSputed a-d Seasured priSar6 3urre-ts  ilaB i- t4e 




&igT BJT ?oSputed a-d Seasured priSar6 3urre-ts ilaB i- t4e 
3ase of a -o<load s#it34i-gT 
&igT BBT ?oSputed a-d Seasured priSar6 3urre-ts  il8B i- t4e 




&igT BDT ?oSputed a-d Seasured priSar6 3urre-ts il8B i- t4e 
3ase of a -o<load s#it34i-gT 
&igT BKT ?oSputed a-d Seasured priSar6 3urre-ts  il3B i- t4e 




24e prese-t Set4od 4as 8ee- applied a-d eQte-ded [J] to 
t4e follo#i-g te- \e3tor groups Hd6C= d6M= gdC= gdM= 





,- t4e prese-t paper= a -e# approa34 for t4e t4ree<p4ase 
tra-sforSer a-al6sis is des3ri8edT 24is o-e 8ased o- 
e]ui\ale-t Sag-eti3 3ir3uit<diagraSs taUes i-to a33ou-t 
t4e -o-li-ear Y<@ 3ur\e a-d Eero<se]ue-3e fluQT 24e Y<@  
3ur\e is represe-ted 86 a pol6-oSial represe-tatio- #4i34 
gi\es a sSoot4 Y<@ 3ur\e= a-d perSits t4e a-al6ti3al 
deterSi-atio- of all t4e i-du3ta-3es a-d t4eir deri\ati\es 
\ersus t4e 3urre-tsT NuSeri3al results 3oSpared #it4 test 
results a-d #it4 &9: 3al3ulatio-s 3o-firS t4e \alidit6 of 
t4e prese-t approa34= a-d s4o# a \er6 good agreeSe-t 
8et#ee- results 3oSi-g froS differe-t approa34esT 
 
&igT BMT ?oSputed a-d Seasured priSar6 3urre-ts il3B i- t4e 
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9]uatio- B is gi\e- 86 G 










































      HWTBL 
 
&igT BRT ?oSputed Seasured li-e se3o-dar6 \oltages _a8K  i- 




























































































&igT BPT ?oSputed a-d Seasured li-e se3o-dar6 \oltages _83K 























































































&igT BNT ?oSputed a-d Seasured li-e se3o-dar6 \oltages _3aK 






















 HWTPL  
[B] >ua-g4ao 7T= kiao<Ya-g ku= l,Spro\ed :odeli-g of t4e 
No-li-ear Y<@ ?ur\e a-d ,ts appli3atio- i- ;o#er ?a8le 
W-al6sism= IEEE Transactions on magnetics= \olT OP=No J=  
ppT BRDN<BRMO= nul6 KCCKT 
 
"iSilar eQpressio-s Sa6 8e #ritte- for ValK a-d ValO= as 
#ell as for t4e deri\ati\es of t4e i-du3ta-3es \ersus eK2 
a-d eO2T  
[K] oa#Ua8a-i YT= "iSo-d nT<nT= l,Spro\ed Sodelli-g of t4ree<
p4ase tra-sforSer a-al6sis 8ased o- -o-li-ear Y<@ 3ur\e 
a-d taUi-g i-to a33ou-t Eero<se]ue-3e fluQm= kV, 
,-ter-atio-al ?o-fere-3e o- 9le3tri3al :a34i-es ,?9: 
KCCJ=  ?ra3o#= ;ola-d=  "epteS8er KCCJT 
 






3 /'/'&  HWTPL 
  [O] "iSo-d nT<nT="api- WT=oa#Ua8a-i YT="34afer gT= 2u kua- 
:T= pill6 YT= ljptiSiEed gesig- of Varia8le<"peed gri\es 
a-d 9le3tri3al Net#orUsm= 7th European Conference on Power 




pe are grateful to :r "id-e6 :attatia a-d :r Yer-ard 
Yug-o- froS t4e Sa-ageSe-t of t4e 9le3tri3it6 ?oSpa-6 
i- >e-e\a < ",> for allo#i-g differe-t tests i- t4eir 
la8oratories o- a large tra-sforSer of distri8utio- of B 
:VWT pe are also grateful to :r ?4ristia- &leur6 a-d 4is 
teaS froS ",>= a-d to our 3olleague :r eola-d petter to 
t4eir \alua8le 3o-tri8utio-s o- t4ese testsT :a-6 t4a-Us to 
:r @arr6 queger froS WYY "r34ero- "W for pro\idi-g us 
differe-t data 3o-3er-i-g t4is large tra-sforSerT 
 
[J]  oa#Ua8a-i YT l:odrlisatio- dsu- tra-sforSateur trip4asr t O 
3olo--es a\e3 prise e- 3oSpte de la saturatio- et des fluQ 
4oSopolairesT 9tude de BC 3ouplagesss= Internal report EPFL 
No 05/101, 7ausa--e= "#itEerla-d= &e8ruar6 KCCDT 
 
[D] &7_kKg= \ersio- RTMCfM8= ?9geW2T 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
